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CHAPTER I 
INTRODUCT ION 
A. Genera l 
The 1963 A ISC Specifications state that for structural 
joints using high-strength bolts: 
Holes may be'punched, subpunched and reamed, or 
drilled as required by the applicable code or 
specification and shall be a nominal diameter not 
more than 1/16-inch in excess of the nominal bolt 
diameter. l• 
It can be readily seen that no mention ls made of slotted 
holes in this specification. Slotted holes have provided a very 
useful means for adjustments in the plumbing and aligning of 
buildings. Often, when there ls a misalignment in two members 
which are to be bolted together, a portion of the metal surrounding 
the hole is cut away using a torch. This allows the misaligned 
members to be bolted together. 
When used in this manner, a slotted hole can act as an 
oversized-hole in one direction. · The use of slotted··holes could 
eliminate the need to preconstruct structures at the fabricating 
sites thus speeding delivery. It ls felt that with the introduction 
of slotted holes into the construction field, construction time,· 
cost, and effort coul d be great ly reduced. 
*Supe�scripts refer to entries in the bibliography. 
B. Review of Previou Work 
The use of slotted holes ln high-strength bolted connections 
ls not a totally new innovation. Slotted holes have appeared in the 
previously mentioned form of holes enlarged by torch cutting even 
though the AISC specifications allow only a 1/16-inch nominal 
clearance between the bolt and bolt hole. 
Because slotted holes are, in a sense, a hole oversized in 
one dlrectlon, a review of studies using oversized holes ls pertinent 
to this investigation. In early studies at the University of 
Illinois, lt was found that oversizing the hole 1/16-lnch did not 
affect_ the strength of the bolted connection.2 
2 
In 1949 a s.lmilar study was conducted at the University of 
Washlngton3 which confirmed the results of the previous investigation. 
In this study the oversize was varied from 1/64- lnch to 1/16-lnch 
without a noticeable effect on the strength of the bolted connection. 
In 1968 a series of studies were conducted at Lehigh 
Un lverslty4 in.which a number of high-strength bolted connections were 
tested using I-inch.diameter ASTM A325 high-strength bolts. These 
bolts were placed in holes. with oversize ranging from 1/16-lnch to 
S/16-lnch. The results of these-tests indicated that the slip 
coefficient for the joints containing 1/4-inch oversized holes was 
very nearly the same as the slip coefficient for the joints vlth the 
1/16- lnch hole oversize. Thus, lt was concluded that oversize up to 
1/4-lnch does not affect the strength of the bolted connection. 
Later, in 1968, Tom Ha lsch conducted a study at South Dakota 
State Un1versity5 ln which he tested a group of high-strength bolted 
connections with oversized holes ranging from 1/16-inch to 1/4-inch. 
In these tests both 3/4-inch diameter bolts and 7/8-inch diameter 
bolts were used. Test results showed that there was no significant 
decrease ln the slip coefficient using an oversize up to 3/16-lnch. 
In the study previously mentioned at Lehigh University, Allan 
and Flsher4 also conducted some tests using •lotted holes in the 
3 
bolted connections. The holes were slotted both parallel and 
perpendicular to the line of loading. The results of these tests 
Indicated a 22 per cent to 33 per cent decrease in the slip coefficient 
when compared to those specimens with the allowable 1/16-inch nominal 
clearance. The holes slotted perpendicular to the line of loading 
were also tested in bearing. The results of these tests indicated 
that there was no reduction in ultimate shear stress due to the 
slotting of the holes. 
A study was made by Chesson and Munse6 at the University of 
Illinois to determine if a relationship existed between bolt tension 
and hole clearance. ·They Jtudied the effect of oversized holes on 
bolt tension using 3/4-inch diameter high-strength bolts. The 
results of this study indicated �o appreciable loss in.bolt tension 
in holes with less than 1/8-inch oversize and only a slight decrease 
in bolt tension in holes with 1/8-inch oversize. 
Allan and Fisher also studied the effect of oversizing and 
slotting of holes on bolt tension. Test results showed tha� the 
/ 
I 
loss in bolt tension in slotted and oversized holes was not signifi­
cantly different than the loss ln bolt tension in holes with the 
allowable 1/16-inch clearance. However, the relaxation rate was 
found to be somewhat higher ln the joints with 5/16-inch oversize. 
The joints with slotted holes also had a higher relaxation rate as 
compared to the joints with 1/16- lnch oversize. These tests were 
performed using 1-inch diameter high-strength bolts. 
Summarizing thes� studies, it appears that oversizing holes 
up to 3/16-inch does not significantly affect the strength of the 
bolted connection. However, the one test performed using slotted 
holes indicated that using slotted holes reduces to a small extent 
the strength of the bolted co�nection in a friction-type joint. 
c. Object and Scope of Investigation 
The main objective of this research was to determine the 
effect of slotted holes on the slip coefficient of high-strength 
bolted connections. Butt joints were used for the control specimens 
as well as for the test-specimens. The enclosed ply of the joint 
served as the pulling element and.· had standard round holes with a 
hole diameter· 1/16-inch greater ·than the bolt diameter. The outer -
plies contained the slotted holes either parallel or perpendicular 
to the load. The slotted holes varied in length, using 0-lnch, 
1/2- lnch, 3/4-lnch and 1-lnch as the tangent distance for the slots. 
The specimens with a tangent distance of 0- lnch served as the control 
specimens. Each tYPe of joint was duplicated a minimum of three 
4 
times for comparison purposes. This study was limited to 7/8-inch 
and 1-inch diameter bolts. 
A secondary objective of this research was to determine the 
effect of slotted holes on the ultimate shear stress of the bolts 
ln the bolted connections previously described. 
s 
CHAPTER II 
TESTING PROGRAM 
A. Materials and Test Specimens 
To experimentally determine the effect of slotted holes on 
the slip coefficient in high-strength bolted connections, forty. 
two specimens were tested ln'the Civil Engineering Laboratory at 
South Dal·.�ta State University. Egger Steel Company and Hassenstein 
Steel Company, both from Sioux Falls, South Dakota, fabricated all 
of the specimens used in the project. Figures 1 and 2 illustrate 
the exact geometrical layout of the speclme:ns used ln the study. 
As can be observed from these figures, all joints were of the butt 
Joint variety. 
11\e steel specimens were fabricated and delivered as shown 
In Table 1. All specimens were made of AStM A-36 structural steel. 
Each joint was assem�led using either two 7/8-inch or two 1-inch 
diameter ASTM A325 high-strength bolts. These two bolts held the 
three pli�s of material that formed the butt joint ·to be tested. 
All test joints were classified according to the direction of 
the slot with respect to loading, bolt size, and length of the slot. 
Th�e test Joints of each tYPe �re tested for the purpose of 
comparison. AISC specifications-were used throughout the design 
and fabrication of all test specimens. The use of slotted holes, 
however, is not covered ln the specifications. The size of the 
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FIGURE 1. Geometrical Layout for Joints with 
Slotted Holes Parallel to Line of Loading 
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FIGURE 2. Geometrical Layout for Joints with Slotted 
Holes Perpendicular to Line of Loading 
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TABLE l 
Dl•nslons of Test Specimens 
Specimen Bolt Size S,lot Stze Dl•nslons (in inches) 
No. ( inches) ( inches) w a b C d e f t T s 
(1) �2) (3) (4) (5) (6) (7) (8) �9) (10) �11) (12) (13) 
P-701 7/8 0 8 3-1/2 2-1/2 2 4 0 0 1/2 1 s 
P-702 7/8 0 8 3-1/2 2-1/2 2 4 0 0 1/2 1 5 
P-703 7/8 0. 8 3-1/2 2-1/2 2 4 0 0 1/2 1 5 
PA721 7/8 1/2 8 3-1/2 2-1/2 2 4 0 0 1/2 l s 
PA722 7/8 1/2 8 3-1/2 2-1/2 2 4 0 0 1/2 1 5 
PA723 7/8 1/2 8 3-1/2 2-1/2 2 4 0 0 1/2 1 5 
PA731 7/8 3/4 8 3-1/2 2-1/2 2 4 0 0 1/2 1 s 
PA732 7/8 3/4 8 3-1/2 2-1/2 2 4 0 0 1/2 1 5 
PA733 7/8 3/4 8 3-1/2 2-1/2 2 4 ,O 0 1/2 1 5 
PA741 7/8 1 8 3-1/2 2-3/4 2 4 0 0 1/-2 1 5 
PA742 7/8 l 8 3-1/2 2-3/4 2 4 0 0 1/2 1 5 
PA743 7/8 1 8 3-1/2 2-3/4 2 4 0 0 1/2 1 5 
PE721 7/8 1/2 10 3-1/2 2-1/2 3 4 3/4 1 1/2 1 s 
PE722 7/8 1/2 10 3-1/2 2-1/2 3 4 3/4 1 1/2 1 s 
PE723 7/8 1/2 10 3-1/2 2-1/2 3 4 3/4 1 1/2 1 5 
PE731 7/8 3/4 10 3-1/2 2-1/2 3 4 3/4 1 1/2 1 s 
PE732 7/8 3/4 10 3-1/2 2-1/2 3 4 3/4 1 1/2 1 5 
PE733 7/8 3/4 10 3-1/2 2-1/2 3 4 3/4 l 1/2 1 5 
PE741 7/8 1 11 3-1/2 2-1/2 3-1/2 4 3/4 1-1/2 1/2 1 5 
PE742 7/8 1 11 3-1/2 2-1/2 3-1/2 4 3/4 1-1/2 1/2 1 5 
PE743 - 7 /8 1 11 3-1/2 2-1/2 3-1/2 4 3/4 l-ll2 1/2 1 5 
00 
Specimen Bolt Size · Slot Size 
No. ( inches) ( inches) 
(1) (2) (3) 
p.801 1 0 
P-802 1 0 
P-803 1 Q .  
PA821 1 1/2 
PA822 1 1/2 
PA823 1 1/2 
PA831 1 3/4 
PA832 l 3/4 
PA833 1 3/4 
PA841. 1 1 
PA842 1 1 
PA843 1 1 
PE821 1 1/2 
PE822 1 1/2 
PE823 1 1/2 
PE831 1 3/4 
PE832 1 . 3/4 
PE833 1 3/4 
PE841 1 1 
PE842 1 1 
PE843 1 1 
TABIE 1 (Continued) 
Dimensions of Test Specimens 
Dimensions (In inches) 
w a b C d e f 
(4) (5) (6) (7) (8) (9) po) 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 0 0 
8 3-1/2 2-1/2 2 4 ,o 0 
8 3-1/2 2-3/4 2 4 0 0 
8 3-1/2 2-3/4 2 4 0 0 
8 3-1/2 2-3/4 2 4 0 0 
10 3-1/2 2-1/2 3 4 3/4 .l 
10 3-1/2 2-1/2 3 4 ·. ·314
· .. 
1 
10 3-1/2 2-1/2 3 4 3/4 1 
10 3-1/2 2-1/2 3 4 3/4 1 
10 3-1/2 2-1/2 3 4 3/4 1 
10 3-1/2 2-1/2 3 4 3/4 1 
1 1  3-1/2 2-1/2 3-1/2 4 3/4 1-1/2 
11  3-1/2 2-1/2 3-1/2 4 3/4 1-1/2 
1 1  3-1/2 2-1/2 3-1£2 4 3/4 1-1£2 
t T s 
(11) �12) �13) 
S/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 s 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 s 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5/8 1-1/8 5 
5£8 1-1/8 5 
'° 
10 
joints used in the study was controlled to a certain extent by the 
testing equipment available in the laboratory. All dimensions of the 
test specimens are listed in Table 1. 
B. Bolt Tightening Procedure 
This study was limited to two sizes of bolts--7/8-inch and 
1-inch 
.
d-iameter ASTM A325 high-strength bolts. Both the 7 /8-inch 
and the 1-lnch bolts were tightened using the calibrated wrench 
method which ls approved by the A-ISC specifications. 
The torque wrench had to be calibrated before it could be 
used for tightening the bolts. Three randomly selected test bolts 
were used to calibrate the wrench. Each bolt was installed in the 
Skidmore-Wilhelm calibrator, a device-used to measure the tension 
in a bolt due to an applied torque. In order to duplicate the 
exact procedure to be used ln assembling the test joints, a hardened 
washer was placed under the nut of each bolt placed in the 
calibrator. Each bolt was then tightened until minlmwn tension as 
specified by AISC was reached. At this point the torque was 
recorded. The maximum torque necessary to reach the minimum tension 
ln the series _was then used as a. control standard in.tightening all_ 
bolts of ·this type in .the actua_l test joint. Figure 3 illustrates 
the use of the Skidmore-Wilhelm calibrator in the calibration of the 
torque wrench. 
Vi w of Skl411e>re.Wilhel 
:tra,tw��rl" and Torque vre ell 
11 
c. Preparation of Joints with Round Holes ("P-" Ser les) 
12 
All j olnts with round holes �re designated "P•"• Those j o lnts 
of the "P•" group using 7 /8-inch diameter bolts were composed of two 
longitudinal plates with the dimensions 8 x 1/2 x 20-1/2 inches. 
Each plate was torch cut to the specified size. All round holes 
in the specimens were punched the allowable 1/16-inch larger than 
the nominal bolt diameter. The joints uslng 7/8-inch bolts ln round 
holes were designated P-70. The first numerical digit designates 
the s lze of the bolt being u·sed ln eighths of an inch. The second 
numerical digit designates the tangent distance of the slot in 
quarters of an inch. 
The test specimens of the ''P-" group using 1-inch diameter 
bolts were composed of two longitudinal plates with the dimensions 
8 x 5/8 x 20-1/2 inches. These specimens were fabricated in exactly 
the same manner as the P-70 specimens. This series was designated 
P-80. The same numerical designation used for the P-70 series was 
used for this series of specimens. The fact that the second numerical 
digit in this case �s O indicates that the slot tangent distance is 
zero and, therefore, round rather than slotted. 
P�ceding assembly, all of. the specimens had the mill scale 
removed using a steel brush type grinder. The specimens were ground 
smooth to retain consistency throughout the testing program. After 
the specimens were ground smooth, a petroleum distillate solvent was 
used to remove any grease or other foreign material. The joints 
wre then asembled such that the bolt was centered as nearly as 
13 
possible _in the middle of the slot. Both the 7/8-lnch and the 1-inch 
diameter A325 high-strength bolts were assembled with hardened 
washers under the head and nut. The washers were used for two basic 
reasons: (1) The washers over the slotted plates simulated the 
testing of the slotted plates as inner piles. (2) The washers 
prevented the bolts from digging into the plates and, thus, restrained 
the natural slip. 
D. Preparation of Joints wl,th Parallel Slots ("PA" Serles) 
All joints with slots parallel to the line of loading were 
designated "PA" to signify parallel. Those joints of the "PA" group 
using ·7/8-inch diameter bolts were composed of two longitudinal 
plates with the dimensions 8 x 1/2 x 20-1/2 inches or 8 x 1/2 x 
20..3/4 Inches, depending on the length of the slot. Each plate was 
torch cut to the specified size. For the slots with a tangent 
distance greater than 1/2-inch, the circular part of the slot was 
punched with a circular dye and the remaining portion was then torch 
cut to complete the slot. The tangent distance, which ls a partial 
measure of the slot length, ls shown in Figure 4. The dimensions of 
al 1 holes -including round and slotted holes are shown in Table 2. 
These joints using 7/8-. lnch diameter bolts were designated PA72, 
PA73, and PA74, depending upon the slot length. As mentioned before, 
"PA" refers to the fact that the slots are parallel to the -line ·of 
loading. The same numerical designation used in the previous group 
of specimens was used for these test specimens. 
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F IGURE 4. The Geometrical Layout of a TYPical Slot 
r • radius of half circle 
a •  the tangent distance 
b • the wld�h of the slot 
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TABLE 2 
Dimensions of Specimen Holes 
Specimen Hole Dimensions (inches2 
No. a b C r 
P> (2) (3) (4) �5� 
P-701 0 15/16 15/16 15/32 
P-702 0 15/16 1S/16 15/32 
P-703 0 15/16 15/16 15/32 
PA721 1/2 15/16 1-7/16 15/32 
PA722 1/2 15/16 1-7/16 15/32 
PA723 1/2 15116 1-7 /16 15/32 
PA731 3/4 15/16 1-11/16 15/32 
PA732 3/4 15/16 1-11/16 15/32 
PA733 3/4 15/16 1-11/16 15/ 32. 
PA741 1 15/16 1-15/16 15/32 
PA742 1 15/16 1-15/16 15/32 
PA743 1 15/16 1-1S/16 15/32 
PE721 1/2 15/16 1-7/16 15/32 
PE722 1/2 15/16 1-7/16 15/32 
PE723 1/2 1S/16 1-7/16 1S/32 
PE731 3/4 1S/16 1-11/16 15/32 
PE732 3/4 15/16 1-11/16 15/32 
PE733 3/4 15/16 1-11/16 15/32 
PE741 1 15/16 1-15/16 15/32 
PE742 1 15/16 1-15/16 15/32 
PE743 1 15/16 1-15/16 15/32 
P-801 0 1-1/16 1-1/16 17/32 
P-802 Q . 1-1/16 1-1/16 17/32 
P-803 0 1-1/16 1-1/16 17/32 
PA821 1/2 1-1/16 1-9./16 17/32 
PA822 1/2 1-1/16 1-9/16 17/32 
PA823 1/2 l-1/ 16 1-9/16 17/32 
PA831 ·3/4 1-1/16 1-13/16 17 /32 
PA832 3/4 1-1/16 1-13/16 17 /32 
PA833 3/4 1-1/16 1-13/16 17/32 
PA841 1 1-1/16 2-1/16 l7/32 
PA842 1-1/16 2-1/16 1 17/32 
PA843 1 1-1/16 2-1/16 17 £32 
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TABLE 2 (Continued) 
Dimensions of Specimen Holes 
Specimen Hole Dimensions (inches) 
No. a b C r 
(1) �2) (3) (4) (52 
PE821 1/2 1-1/16 1-9/ 16 17/32 
PE822 1 /2 1-1/16 1-9/1 6  17/32 
PE823 1 /2 1-1/16 1-9/16 17/32 
PE831 3/4 1-1/1 6 : _1 -13/ 16 17 /32 
PE832 3/4 1-1 /1 6 ·. 1 -1 3/16 17/32 
PE833 3/4 1-1/ 16 '"t-1 3/16 17/32 
PE841 l 1-1/16 2-1/16 17/32 
PE842 l 1-1/16 2-1/16 1 7/32 
PE843 1 1-1/16 2-1/1 6 17 (?2 
The joint specimens of the '1PA" group using 1-inch diameter 
bolts were composed of two longitudinal plates with the dimensions 
8 x 5/8 x 20-1/2 inches or 8 x 5/8 x 20-3/4 inches depending upon 
the length of the slot. These specimens were fabricated in exactly 
the same manner as the "P·" series. · This series was designated 
PA82, PA83, and PA84. The numerical designation of this group of 
specimens is consistent with that used for the previous specimens. 
For example, PA83 was a specimen with slots parallel to the line 
of loading, a 1- lnch diameter bolt, and a slot tangent distance of 
3/4-inch. 
E. Preparation o�� Joints wt th Perpendicular Slots ('1PE" Series) • 
All joints with slots perpendicular to the line of loading 
were designated "PE" to signify perpendicular. Those joints of the 
"PE0 group using 7/8-inch diameter bolts were composed of two plates 
with the dimensions 10 x 1/2 x 20-1/2 inches or 11 x 1/2 x 20-1/2 
inches depending on the length of the slot. These plates had 
rectangular corners with the dimensions 1 x 10-1/2 inches or 1-1/2 
x 10-1/2 inches cut out from each.side of the plate to allow it to 
be inserted into the testing machine. This type of ·specimen ls 
Illustrated in Figure -2. The p_lates were wider at the bottom in 
order to conform to the minimum edge distance requirement of the 
AISC specifications. Once again these specimens were fabricated- in 
the same manner as those of the PA7 and PA8 series of plates. To 
illustrate, the PE74 specimen had slots perpendicular to the line 
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of loading, a 7/8-inch diameter bolt, and a slot tangent distance 
of 1 inch. 
The joint specimens of the "PE" group using 1-inch diameter 
bolts were composed of two longitudinal plates with the dimensions 
10 x 5/8 x 20-1/2 inches or 11 x 5/8 x 20-1/2 inches depending on 
the length of the slot. 'lhese plates had a rectangular comer with 
the dimensions 1 x 10-1/2 inches or 1-1/2 x 10-1/2 inches cut out 
from each side of the plate to allow it to be installed in the 
testing machine and to meet with the minimum edge distance require­
ments. These specimens are also illustrated in Figure 2. These 
plates were also fabricated by torch cutting the plates and punching 
and torch cutting the round and slotted holes. This series was 
designated PE82, PE83, and PE84 with the digits once again having 
their original meanings. As another example of the notation, the 
PE821 specimen, first of the group, has slots perpendicular to the 
line of lQading, a 1-lnch diameter bolt, and a slot tangent 
distance of 1/2 Inch. 
Mill scale was removed from the ''PE" series of specimens in 
a similar manner as those �n the "PA". series with grease and 
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foreign matter be�ng removed using a petroleum distillate·solvent. 
the joints �re then assembled and aligned exactly in the same manner 
as the previous series of specimens. The bolts were t.lghtened using 
the calibrated wrench method. 
F. Apparatus and Tes�ing Procedure 
In order to test the specimens previously described, a 
lever-type testing machine had to be designed, fabricated, and 
built. Figure 5 illustrates the general configuration of this 
machine. A 200, 000-pound hydraulic ja�k capable of developing a 
pulling capacity of 400,000 pounds was used ln the testing of the 
specimens. The assembled joint was secured ln this machine using 
a two-bolt jig as illustrated in figure 6. Figures 6 and 7 are 
photographs of the machine as it was used throughout the testing. 
The specimens in this study used only two bolts and, thus, 
were relatively small. This was due in part to the limiting 
capacity of the testing machine. The economy of the smaller 
specimens also allowe � a larger number of specimens to be tested. 
All of the specimens were instrumented in such a manner that 
both joint slip and joint elongation could be easily observed and 
thus recorded. Joint slip and joint elongation were measured 
using an Aines dial which gave readings accurate to 1/1000 of an 
lnch. The dial was - attached to the outside plates of the test 
joint by �ans of a high-strength magnet. The dial stem rested on 
an angle -iron which was attached ·to the inner plate by means of 
small clamps. Figure 8 illustra�es the instrumentation quite 
clearly. 
The specimens were placed in the testing machine such that 
the loads would be evenly applied to the two bolts in the test 
19 
a-
0' : 
.... 
00 
: 
w 
0 --
.... 
00 
I � 1 
tQj 
I 
'--TrTr-
r-1 •
/
spec lmen rj ack 
0 
I 
FIGURE S.  Testing Arrangement Layout 
in Lever-tJpe Device 
-
'-
Scale • 1/ 1 6  
-
- t----J 
I ,--- ._____ 
- - - - -
0 0 
0 0 
,_ 
N 
0 
FIGUR 6. 
' in 
21 
• ,... 
22 
Te st 
Specimen �  
'- Angle Iron 
FIGURE 8. Test Layout for Measuring 
Joint Slip and Elongation 
23  
Dial 
joint. the load was applied in approximately 3000 -pound increments 
for the f irst ten read ings after wh ich 6000-pound Increments were 
used until failure of the bolts occurred. At eu h load increment, 
the dial was read to determine the elongation of the joint. The 
dial gauge was observed closely to determine the general slip 
behavior of the teet joint. When major slip occurred, the dial wa� 
read and recorded along with the load. After the major slip 
occurred, the test joint was load�d until either one or both of the 
bolts failed. This ultimate load was recorded for later computation 
of ultimate shear and ultimate shear stress. 
·After failure of the bolt or bolts occurred, the test joint 
•s carefully removed from the testing machine and inspected. The 
tyPe of bolt failure was observed as well as the mill scale and 
hole damage. A tYPical bolt failure in double shear is shown ln 
Figure 9. 
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CHAPTER III 
TEST RESULTS 
The results of this researc will be presented in two parts 
ln the order that they were obtained. The joints were first tested 
as frictlon-tYPe joints in order to obtain the slip coefficient. 
Then the J oints were tested as bearing-tyPe joints to determine the 
ultimate shear stress of the bolts. 
A. Results of Joint� In Friction ..--,. . .._., �  
The slip coefficient of  a joint ls a function of  the joint' s  
ability to resist slip and ls, in turn, directly related to the bolt 
tension or preload. The best way of expressing the role of the 
jolnt• s faying surface ls by means of this slip coefficient which ls 
expressed ·as follows: 7 
where 
, Ks • 
Ps • 
m • 
n • 
T 1 • 
The slip 
slip coefficient 
the major slip load 
the number of bol·t shear planes 
the number of bolts 
average initial bolt tension (clamping force ) 
coefficient for e.ach test specimen is g i ven in 
Tables 3 and 4. The major slip loads are also given in these two 
tables. 
Joint 
�1 ) 
P-701 
P-702 
P-703 
Average 
PA721 
PA722 
PA723 
Average 
PA731 
PA732 
PA733 
Average 
PA741 
PA742 
PA743 
Average 
PE721 
PE722 
PE723 
Average 
PE731 
PE732 
PE733 
Average 
PE741 
PE742 
PE743 
Average 
TABIE 3 
Sl ip Behavior of Slotted Butt Joints 
with 7/8- Inch Bolts 
Init ial 
Bolt Slot Sl ip 
Size Size Load 
(inches) (inches) (kips) 
(2) (3) �4 ) 
7/8 0 11. 8 
7/8 0 10. 3 
7/8 0 14. 8 
12. 3 
7/8 1/2 10. 3 
7/8 1/2 10. 3 
7/8 1/2 13. 3 
11. 3 
7/8 3/4 11 . 8  
7/8 3/4 14. 8 
7/8 3/4 11. 8 
12. 8 
7/8 1 10. 3 
7/8 1 13. 3 
7/8 1 13. 3 
12. 3 
7/8 1/2 14. 8 
7/8 1/2 11. 8 
7/8· 1/2 13. 3 
13. 3 
7/8 3/4 14. 8 
7/8 3/4 10. 3 
7/8 . J/4 · 11. 8 
12. 3 
7/8 1 11. 8 
7/8 1 . 10. J 
7/8 1 11. 8 
1 1 . 3 
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Sl ip 
Coeffic ient 
( 5) 
0. 159 
0. 140 
0. 200 
0. 167 
0. 140 
0. 140 
0. 179 
0. 154 
0. 159 
0. 200 
0. 1 59 
0. 173 
0. 140 
0. 179 
0. 179 
0. 167 
0. 200 
0. 159 
0. 179 
0. 179 
0. 200 
0. 140 
0. 159 
0. 167 
0. 159 
0. 140 
0. 159 
0. 154 
Joint 
( 1 ) 
P-801 
P-802 
P-803 
Average 
PA821 
PA822 
PA823 
Average 
PA831 
PA832 
PA8JJ 
Average 
PA841 
PA842 
PA843 
Average 
PE821 
PE822 
PE82J 
Average 
PE831 
PE832 
PE833 
Average 
PE841 
PE842 
PE84J 
_A!erage 
Bolt 
Size 
TABLE 4 
Slip Behavior of Slotted Butt 
Joints with 1- Inch Bolts 
Initial 
Slot Slip 
Slze Load 
(inches) (inches) ·(kips) 
( 2 )  ( 3) (4 ) 
1 0 . 17. 7 
1 0 ·: 17. 7 
1 Q : 16. J 
17. 2 
l 1/2 14. 8 
1 1/2 17. 7 
1 1/2 17. 7 
16. 7 
I 3/4 17. 7 
1 3/4 20. 6 
1 3/4 14. 8 
17. 7 
l 1 14. 8  
1 1 14. 8 
1 1 17. 7 
15. 8 
l 1/2  14. 8 
1 1/2 16. 3 
l l/2 17. 7 
16. 3 
l 3/4 17. 7 
1 3/4 16. 3 
1 · J/4 20. 6 
18. 2 
1 1 17. 7 
1 1 14. 8 
1 1 17.  7 
16. 7  
I 
I 
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Slip 
Coefficient 
�S ) 
0. 180 
0. 180 
0. 166 
0. 175 
0. 15 1 
0. 180 
0. 180 
0. 170 
0. 180 
0. 210 
0. 15 1 
0. 180 
0. 15 1 
0. 15 1 
0. 180 
0. 16Z 
0. 151  
0. 166 
0. 180 
0. 166 
0. 180 
-
0. 166 
0. 210 
0. 186 
0. 180 
0. 151 
0. 180 
0. 170 
A .tyPical load versus joint elongation diagram ls illustrated 
ln Figure 10. This diagram illustrates four distinct stages of 
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joint elongation in relationship to the applied load. The first 
stage precedes major slip. During this stage the elongation and load· 
vary in a linear fashion until the major sllp _ load• L1, ls reached. 
Duri� the second stage, the largest amount of joint  elongation 
occurs. The upper limit of th i s  stage, represented by the load , ¼ , 
lndlcates where the bolt goes into bearing. Stage III. which appears 
to be nearly linear, extends to the load t3• Stage IV is the final 
stage and ls climaxed by the failur� load. Lt.• 
· According to Upton and Cllllmore8 , the areas lmmed lately 
adjacent to the holes of a bolted joint are the areas of highest 
contact pressure and, therefore, would provide the majority of the 
slip resistance. This theory was supported by an Inspection of the 
faying surfaces of the test specimens. The mill scale damage was 
localized ·in the area surrounding and lnmediately adjacent to both 
the slotted holes and the normal round holes. 'nlls mill scale 
damage ls pictured l'n Figures 11 , 12, 13 and 14. 
The_ objective of this research was to determine whether or not 
there was · any sign·lf leant difference between the round control 
specimens and the · slotted test specimens. 'lhls comparl-son could be 
accomplished best using ounnett•s t9 for it ls intended solely as a 
comparison between control and test means and not all possible 
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comparisons. The significant difference using Dunnett• s  t ls defined 
as follows : 
where 
d' • t X S­
d 
d'  - the significant difference 
t • Ounnett• s  t for a two-sided comparison 
S.. • the standard deviation of the mean difference 
d 
sa was computed from �he analysis of variance of dat a  in the 
· randomized complete-block design. Dunnett• s t was selected from a 
statistics table using the number of treatments excluding the control · 
and a 99 per cent test level of slgniflcance. 
Results of the 42 test specimens in a frlctlon-tYJ>e joint 
are presented below. The specimens have been grouped into six 
separate series. Following the major sllp9 loading was continued 
until the bolts went into bearing and ultimately failed ln shear. 
Results of the specimens in a bearlng-typ connection follow the 
results of the specimens in a friction-type connection. 
1.  Round Holes with 7/8-Inch Bolts (P-7 Serles) 
The three butt joints using 7/8-lnch· diameter 
bolts served as th� control specimens. These 
specimens have the normal round hole w lth ·the 
allowable 1/16-inch nominal hole clearance and 
were designated as P-70. The average slip 
coefficient for this series of control specimens 
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was 0. 167. Thls value seemed reasonable for specimens 
with a polished surface. It ls comparable to a slip 
co •"=f icient of o. 20 obtained by Bendigo, Hanson, and 
Rumpf7 us ing sem l-polisheu specimens. 
· 2. Parallel Slots with 7/8-Inch Boltr (PA7 Serles) 
The slip coefficient of the PA72 joints was slightly 
smaller than the slip coefficient of the control 
specimens, but the difference was shown to be 
statistically insignificant using Dunnett•s t. The 
faying surface of these test specimens lnr icated that 
the maximu.m pressure was located on both sides of the 
slot and that it was oriented parallel to the slot. 
The mill sc0le damage appeared to be more severe on 
these specimens than on the control specimens and was 
probably due to the longer slip distance. The mill 
scale damage of a tYPical PA72 specimen is shown ln 
Figure 11. 
The average slip coefficient of 0. 173 for the PA73 
j oints was slightly larger than the average slip 
coeffic ient of the control specimens, but this 
difference was shown to be statlstically · tnsigniflcant. 
These spec l�ens had a slot tangent distance of 3/4-inch. 
The mill scale damage on these specimens, pictured in 
Figure 11, . was more. severe than on the control 
spec lrnens. 
The PA74 series of specimens was the last series ln 
the PA7 group and had the longest tangential distance. 
The average slip coefficient of 0. 167 for this series 
was the same a t the average for the control specimens. 
The mill  scale damage was severe and can be seen ln 
Figure 11. 
3. Perpendicular Sl ot . with 7/8-Inch Bolts (PE7 Serles) 
The P-7 series o� joints which had an average slip 
coefficient of 0. 167 served as the control joints for 
the PE7 series of joints also. 'lbe mill  scale damage 
in the PE series was more like that of control 
specimens than was the PA series because of the 
similarity ln the slip distance. 
There was a slight increase in the average slip 
coefficient of the PE72 series of J oints over that of 
the control specimens. The average slip coefficient· 
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ln this case was 0. 179. This increase was shown to be 
statistically inslgni_flcant using Dunnett• s t. The 
m_lll scale damage p ictured ln Figure 12 · was similar to _ 
that ·of the control specimens, except that it was 
1 iml ted to the top and bottom of the slot. · 
The PE7 3 series of jo ints had a slip coefficient . 
that averaged 0. 167, exactly equal to the average of 
the control specimens. A p icture of the mill  scale 
damage on th is ser ies of jo ints i s  given in Figure 12 • . 
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The PE74 series was the last of the series of joints 
with perpend icular slots and 7/8-inch bolts. These 
joints produced an average slip coefficient of 0. 154 
which was lower than the average slip coefficient of 
the control specimens. This difference, however, was 
found to be statistically insignificant. It can be 
observed in Figure 12 that the. mill scale damage was 
consistent with that of other joints ln the PE series. 
4. Round Holes with 1-Inch Bolts '.(P-8 Series) 
The P-80 butt joints served as the control specimens · 
for all joints using 1-lnch diameter bolts. Thls 
series of joints had the standard round holes wlth the 
1/16-inch nominal hole clearance allowed by A ISC 
specifications. the average sllp coefficient for this 
series of specimens was 0. 175. The mill scale damage 
shown in Figure 13 reflects the location the pressure 
concentration caused by the bolt tension. The mill . 
scale damage of these control specimens was very 
similar to that shown ln Figure 11 for t�e P-7 series 
of specimens. 
5. Parallel Slots with· 1-Inch Bolts (PAS Series) 
Test ing of the PA82 series of joints yielded an 
average slip co�fficlent of 0. 170 which was slightly 
below the average obtained for the control specimens. 
The difference, however� was shown to be lnsigrtlficant 
, ,. 
using Dunnett' s  t. The mill scale damage for this 
series was more severe than the damage of the control 
series. This was due to the increased slip distance. 
The mill scale damage is pictured in Figure 13. 
The average slip coefficient of the PA83 series of 
joints was 0. 180. The increase over the average slip 
coefficient of the control specimens was found to be 
statistically .insignificant. Again, due to the 
increase in slip distance, the mill scale damage was 
more severe than that of the control specimens. 
Figure 13 illustrates this damage. 
The PA84 series of joints had an average slip 
coefficient of 0. 167. Althot gh this average was 
0. 013 below that of the control specimens, the 
difference was shown to be insignificant. The mill 
scale damage was similar to that of the PA82 and PA83 
series of joints and ls shown in Figure 13. 
6. Perpendicular Slots with 1-Inch Bolts (PE8 Series) 
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·The P-80 butt jo·ints served as the_ control specimens 
for the PA8 series. just as they had for the PES series 
of test joints. As .reported previously, the average 
slip coefficient for the control specimens was 0. 175. 
The PE82 series of joints had an average slip 
coefficient of 0. 166. The difference between this 
value and the control value of 0. 17 5, however, was 
shown to be statistically insignificant. The mill 
scale damage as shown in Figure 14 was quite similar 
to that of the PE72 series of specimens. 
The value of 0. 186 for the average slip coefficient 
of the PE83 series of joints vas not found to be 
signl flcantly different from the control value of 
0. 175. the mill scale damage shown in Figure 14 
was similar 1�  appearance to that of the PE7 series of 
joints. 
The last series of joints to be tested was the 
PE84 series. These joints yielded an average slip 
coefficient of 0. 170 which was insignificantly lower 
than the control value of 0. 175. The mill  scale 
damage pictured in Figure 14 was similar to the . damage 
of the other PE8 specimens. 
B. Results of Joints in Bearing 
Alt
° 
of the 42 specimens that were used in the frictlon-tyPe 
testing program were also tested i� bearing. The ultimate shear and_ 
ultimate stress fo� the 7/8-lnc� ·and 1-lnch bolts �re compiled in 
Tables 5 and 6, respectively. 
1. Round Holes with 7/8-Inch Bolts (P-7 Serles) 
The p. 7 series of test joints served as the cont·rol 
specimens for the joints containing 7/8-lnch diameter 
bolts. The average ·ultlmate shear stress for the 
control joints was found to be 94. 0  k·sl. The hole 
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Joint 
( 1 ) 
P-701 
P-702 
P-703 
Average 
PA721 
PA722 
PA723 
Average 
PA731 
PA732 
PA733 
Average 
PA741 
PA742 
PA743 
Average 
PE721 
PE722 
PE723 
Average 
PE731 
PE732 
PE733 
Average 
PE741 
PE742 
PE743 
Averase 
TABLE 5 
Shear Behavior of Slotted Butt Joints 
with 7/8-Inch Bolts 
Bolt Slot Ultimate 
Size Size Shear Load 
(inches) ( inches) (kips) 
(2) (3) (4) 
7/8 0 218. 2 
7/8 0 236. 0 
7/8 0 22-4. 2 
22·6. l 
7/8 1/2 230. 2 
7/8 1/2 224. 2 
7/8 1/2 206. 4 
220. 3 
7/8· . 3/4 224. 2 
7/8 3/4 236. 0 
7/8 3/4 212.4 
224. 2 
7/8 1 206. 4 
7/8 1 218. 4 
7/8 1 218. 4 
214. 4 
7/8 1/2 230. 4 
7/8 1/2 224. 2 
7/8 1/2 2 18. 4  
224. 2 
.7/8 3/4 218. 4 
7/8 3/4 218. 4 
7/8 3/4 . 212. 4 
216. 4 
7/8 1 218. 4 
7/8 1 212. 4 
7/8 - 1  218. 4 
216� 4 
-41 
Ultimate 
Shear Stress 
(ks l ) 
�S ) 
90. 9 
98. 3 
93. 3 
94. 0 
95. 8 
93. 3 
85. 9 
9 1. 9  
93. 3 
98. 3 
88. 3 
93. 3 
85. 9 
90. 9 
90. 9 
89. 3 
95. 8 
93. 3 
90. 9 
93. 3 
90. 9 
90. 9 
88. 3 
90. 0 
90. 9 
88. 3 
90. 9 
90. 0 
/ 
Joint 
�l ) 
P-801 
P-802 
P-803 
Average 
PA821 
PA822 
PA823 
Average 
PA831  
PA832 
PA833 
Average 
PA841 
PA842 
PA843 
Average 
PE821 
PE822 
PE823 
Average 
PE831 
PE832 
PE833 
Average 
PE841 
PE842 
PE843 
Averase 
TABLE 6 
Shear Behavior of Slotted Butt 
Joints with 1-Inch Bolts 
Ultimate 
Shear Load 
( inches) (inches) (kips) 
( 2) p) �4) 
1 0 265. 0 
· 1 0 271. 4 
1 0 257. 6 
264. 9 
1 1/2 247. 8 
1 1/2 253. 4 
1 1/2 259. 6 
253. 6 
1 3/4 265. 6 
1 3/4 259. 6 
1 3/4 259. 6 
261. 6 
1 1 253. 8 
1 1 265. 6 
1 1 265.6 
261. 7 
1 1/2 253. 8 
1 1/2 247. 8 
1 1/2 257. 6 
253. 0 
1 3/4 247. 8 
1 3/4 271. 4 
1 3/4 27 1. 4  
263. 5 
1 1 253. 8 
1 1 247. 8  
1 . 1  257. 6 
253. 0 
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Ultimate 
Shear Stress 
(ks l )  
(5 )  
. 84. 4 
86. 4 
82. 0 
84. 9  
7 9. 0  
81. 8 
82. 8 
80. 7 
84. 4 
82. 7 
82. 7 
83. 3 
so. a 
84. 4 
84. 4 
83. 3 
80. 8 
79. 0 
82. 0  
80. 6 
79. 0 
86. 4 
86.4 
83. 9 
so. a 
79. 0 
82. 0 
80. 6 
damage for this series of joints was not readily 
noticeable as shown in Figure 11. 
2. Parallel Slots with 7/8- Inch Bolts (PA7 Serles) 
The average ultimate shear stress for the PA72 
series was 91. 9  ks l, which was not shown to be 
significantly smaller than that of the control 
specimens using Dunnett•s t. The hole damage for 
this series was conslstent with that of the control 
series and is pictured in Figure 11. 
The PA73 series of joints also showed a small 
decrease ln ultimate shear stress as compared to the 
control value. The difference between the PA73 series 
value of 93. 3 ks l and the control value of 94.-0 ks l 
was shown to be insignificant. The hole damage shown 
ln Figure 11  was not noticeably severe. 
Similarly, the PA74 series of joints showed a 
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lower value of ultimate shear stress than dld the 
control specimens. T.he test results of this series of 
joints indicated an ·average ultimate shear stress of 
89. 3 ksi.· This difference was shown to be statistically 
insignificant. Hole . damage for this series ls pictured 
in Figure 11. 
3. Perpendicular Slots with 7/8- Inch Bolts (PE7 Serles) 
The average ultimate shear stress value of 94. 0 ks l 
obtained for the P-70 ser�es of joints served as a co� 
trol value fo� the PE7 series of joints. 
The testing of the PE72 series of joints gave an 
average ultimate shear stress of 93. 3 ksi which ls 
only slightly below the control value of 94. 0 ks l. 
This slight difference was not significant when tested 
statistically. As pictured in Figure 12, hole 
damage in this series was much more apparent than in 
the PA7 series. 
Both the PE73 and the PE74 series of test specimens 
gave an average ultimate shear �stress of 90. 0 ksi. 
lhe small drop below the control value was not 
significant. Figure 12 pictures the hole damage of 
the PE73 and PE74 series of joints which resulted from 
taking both bolts to failure. 
4. Round Holes with 1-Inch Bolts (P-8 Series) 
the P-80 series having round holes with the 
allowable 1/16-lnch nominal clearance served as the· 
control specimens for all the test specimens with 
1-inch diameter bolts. These control specimens 
yielded an average . ultimate shear stress of 84. 9 ksi . 
when the bolts were loaded to failure. The hole 
damage for this series of joints ls illustrated in 
Figure 13. 
5. Parallel Slots with 1-Inch Bolts (PAS Series) 
The average ultimate shear stress of the three 
PA82 series was SO. 7 ksi which was slightly be.low the 
/ 
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value of the control specimens. Howeve�·, this 
difference was shown not to be significant using 
Dunnett•s t. The hole damage for this series was 
similar to that of the PA7 series and is pictured ln 
Figure 13. 
For both the PA83 and the PA84 series of joints, 
the average ultimate shear stress was 83. 3 ksi. The 
small drop of �. 60 in the ultimat� shear stress of 
these specimens below that of the P-80 control group 
was not sign if icnnt at _ the five per cent level. Hole 
damage for these two series ls shown ln Figure 13. 
6. Perpendicular Slots with 1-Inch Bol ts (PE8 Serles) 
The P-8 series of joints served as control 
specimens for the PE8 as well as for the PAS series. 
The average ultimate shear stress for the control group 
was 84. 9 ksi. 
The ultimate shear stress values for the PE82 and 
the PE83 test specimens were 80. 6 ksi and 83. 9 ksi, 
respectively. Although these values were somewhat 
lower than the control value of 84. 9 ksi, the 
differences did not have any statistical significance. 
Hole damage as pictured in Figure 14 was quite 
noticeable in both sets of test joints. 
The three joints of the PE84 group, which had the 
longest tangential distance of the PE8 series, had an 
45 
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average ultimate shear stress of 80. 6 ksl. This was 
the same value obtained for the PE82 series. However, 
because this value was not significantly lower than the 
control value of 84. 9  ksl , the difference can be 
disregarded. 
In general, the results of the bearlng-tyPe testing 
indicated that the use of slotted holes with a tangent 
distance up to 1 inch ln a bolted connection does not 
sig · �. f lcantly affect the ultimate shear stress value. 
c. Analysis of Results Using Dunnett• s  t 
· The statistic, Dunnett' s t, was used to determine whether the 
differences between the round control specimens and the slotted test 
specimens were significant. Both major slip load and ultimate shear 
stres :· values were evaluated. If two values were shown to be 
significantly different, th ls meant that the differences between the 
control and slotted specimens were real differences unless a 1 in· 
100 mischance in testing occurred. By showing lnslgniflcance, the 
differences were shown to be random fluctuations. Each series of 
slotted specimens was compared to its re�pective round control 
specimen and the slgn lficant dl�ference was calculated from the 
formula previously presented. If · the difference betwee·n the control 
specimen mean and the test specimen mean was . less than the computed 
significant difference, the difference was declared insignificant. 
The reverse was also true ; that ls, lf the difference between the 
control specimen mean and the test specimen mean was greater· than the 
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computed s ignif icant di fference, the difference was declared 
s ignificant. T� bles 7 and 8 list all the series which were compared. 
These tables also indicate whether the differences between these 
series were significant or ins lgnlficant. 
• !i> ' � 
,£ .... � � 
Minimum 
Control Mean 
P- 70  
12. 3 
Difference 
Significance 
M lnlmum 
· Control Mean 
� 
17. 2 
Differ nee 
Significance 
TABLE 7 
Analysis of Slip Behavior Using ounnett• s t 
Significant Difference for Real Differences • 5. 7 
Test Meal • = · 
!:ill W1 ll:l!! � PE7 3 -
1 1. 3 12. 8 12. 3 13. 3 12. 3 
1. 0 o. s o. o 1. 0 o. o 
No No No No No 
Significant oi 'fferencc for Real Differences • 6. 6 
Te!:t Means 
� � � !ill PE83 -
16. 7 17.7 15. 8  16. 3 18 . 2 
o. s o. s 1 .4 0. 9 1. 0 
No No No No No 
TABLE 8 
Analysis of Shear Behavior Using ounnett• s t 
Minimum Signif leant Difference for Real Differences • 10. 2 
Centro 1 Mean Test Means 
P-70 !:ill W1· PA74 PE72 PE7 3 - -· -
94. 0 91  • . 9 9 3  • . 3 89. 3 93. 3 90. 0 
Difference 2. 1 · 0. 1 4.7 0. 7 4. 0 
Significance No No No No No 
Mlni mwn Significant Difference for Real Differences . 7 . 1 
Control Mean Test Means 
P-80 � PA83 � PE82 PE83 - .  -
-
84. 9 80. 7 83. 3 - 83. 3 80. 6 83. 9 
Difference 4. 2 1. 6 1. 6 4. 3 1. 0 
Slgnlf icance No No . No No No 
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� 
11. 3 
1. 0 
No 
PE84 -
16. 7 
o. s 
No 
PE74 
-
90. 0 
4. 0 
No 
PE84 
80. 6 
4. 3 
No 
CHAPTf.R IV  
SUMMARY AND CONCLUS IONS 
A. Summary of Re sult!_ 
The results of the testing done on the specimens with round 
and slotted holes, both parallel and perpendicular to the line of 
loading, are summarized in the table below. In this table, the 
average ultimate shear stress and the average slip coefficient are 
listed for the three specimens in each of the 14 specimen series. 
TABLE 9 
Swmnary of Results 
Slot Hole Plate Average Average 
Specimen Size Size Thickness Slip Ultimate 
Group ( i nches) ( inches) ( inches) Coefficient Shear Stress 
(ksi) 
( 1) �2) �-3) (4) (52 �6) 
P-70 0 7/8 1/2 0. 167 94. 0 
PA72 1/2 7/8 l/2 . 0. 154 9 1. 9  
PA7 3  3/4 7/8 . 1/2 0. 173 . 9 3. 3 
PA74 l ·  7/8 1/2 0. 167 89. 3 
PE72 1/2 · 118  1/2 0. 17 9 93. 3 
PE73 3/4 7/8 . 1/2 0. 167 90. 0 
PE74 1 7/8 1/2 0. 154 90. 0 
P-80 0 1 5/8 0. 17 5 84. 9 
PA82 1/2 l 5/8 0. 110 80. 7 
PA83 3/4 1 5/8 0. 180 83. 3 
PA84 1 l 5/8 0. 162 83. 3 
PE82 1/2 1 5/8· 0. 166 80. 6 
PE83 3/4 1 5/8 0. 186 83. 9 
PE84 1 1 5/8 0 . 170 80. 6 
Using the data presented in the summary table as a basis for 
j udgment, the following results have been formulated: 
1. The average slip coeff icient of the friction-type 
butt j oint using both 7/8-inch diameter and 1-inch 
diameter A325 high-strength bolts was not signifi­
cantly affected by the use of, slotted holes, 
parallel or perpendicular to the line of loading. 
This was true for -a tangent d �stance up to and 
including 1-inch in length. S.tatlstical analysis was 
used to determine significance. 
2. The average ultimate shear stength of the bear lng­
tYP·e butt joint using both 7 /8-�nch diameter and 
1-inch diameter A325 high-strength bolts was not 
reduced any significant degree by using slotted 
holes parallel and perpendicular to the line of 
loading and up to and including a tangent distance· 
of 1 inch in length. 
B. Conclusions 
The following conclusions. have been derived from the results -
obtained during the te �ting of �he control a.nd slotted specimens: 
1. It · appears that slotted holes parallel or 
perpendicul ar to the line of �oading can be used 
in the friction-type butt joint using 7/8-inch and 
1-inch diameter A325 high-strength bolts since the 
, 
I 
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slip coefficient ls not significantly reduced using 
slots with a tangent distance from O to 1 inch in 
length. It should be emphasized that this 
recommendation includes only those slots within the 
length range mentioned above. Due to the fact that 
the average ultimate shear stress is not reduced 
with the use of slotted holes, these joints could 
be a l lo�d to go �nto bearing. 
2. The summary table shows that the average ultimate 
shear stress of the 7/8-inch diameter bolts ls higher 
than the 1-lnch diameter bolts. This difference may 
be attributed to a certain extent to the difference 
in plate thicknesses used in the testing of the two 
types of specimens. 
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3. The general slip behavior of joints with slotted holes 
was very similar to the slip behavior of those joints 
with normal round holes. 
C. Recommended Areas of Future Studies 
As - mentioned in the introduction , very l lt�le work has been 
done in the area of high-streng.th bolted connections using slotted 
holes and , thus , more extensive study in the fol lowing . areas ls 
recomme nded: 
1. This study limited the length of the tangent distance 
of the slot to l inch. Additional testing of bolted 
connections using longer slots could be done as 
different results have been reported using slots of 
greater length. 
2. The effect of varying the type of faying surfaces 
in bolted connections using slotted holes could be 
another area of profitable study. 
3. The effect of using slotted holes in end plates and 
testing the specimen in a moment-type connection ls 
another area in which little work has been done. 
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